Abstract: Neotyphodium endophyte fungi are vertically transmitted symbionts of cool-season grasses. The seed phase of the grass' life cycle appears to be critical for the persistence of the fungus. Endophyte viability decreases faster than seed viability, but little is known of the effects of this endophyte on seed viability. The endophyte could affect seed viability through changes in water content. Here, we assessed the effects of the endophyte on seed viability, the differential survival of endophyte and seed, and the effects of infection on seed water content. Viability of endophyte-infected and noninfected seeds and endophyte were evaluated over a period of 729 d under 12 controlled environmental conditions. Seed viability was reduced by the infection at high temperature and high relative humidity, but not under other conditions. Moreover, endophyte viability decreased faster than seed viability only under high humidity or high temperature. Seed water content was not affected by endophyte presence. The proportion of viable infected seeds was mainly affected by the loss in endophyte viability and secondly by the differential survival of infected and noninfected seeds. Knowledge on the relative importance of these processes is critical to understand the factors affecting the efficiency of endophyte vertical transmission and the frequency of endophyte-infected plants.
Introduction
Many cool-season grasses are symbiotically associated with nonpathogenic systemic and endophytic fungi of the genus Neotyphodium (Clay and Schardl 2002; Faeth and Sullivan 2003) . These microorganisms are solely vertically transmitted from the mother plant to the seeds (Siegel et al. 1984; Philipson and Christey 1986) . This vertical transmission process can be imperfect, in part because a variable amount of the seeds produced by infected plants can remain uninfected (Holder et al. 1994; Welty et al. 1994; Hill et al. 2005; Wheatley et al. 2007 ). Further, endophyte viability in relation to the host seed has been well documented in Festuca arundinacea and Lolium perenne (Rolston et al. 1986; Welty et al. 1987; Wheatley et al. 2007 ). These studies, conducted under different storage conditions, have shown that seeds remain viable for longer periods than the endophyte within the seed under certain storage conditions. Similar results have been observed in endophyte-infected Lolium multiflorum, but seed storage conditions were not controlled (Medvescigh et al. 2004) . Endophyte mycelium in seeds that are prematurely harvested can lose its viability in a very short time (Hill et al. 2005) . However, Hume and Barker (2005) reported that endophyte viability did not decline faster than that of seeds when buried in soil. These findings indicate that the viability of endophyte mycelium is strongly affected by environmental conditions. For this reason, some of the infected seeds lose their ability to generate endophyte-infected seedlings (Rolston et al. 1986; Welty et al. 1987; Hill et al. 2005; Wheatley et al. 2007) .
Temporal changes in the frequency of endophyte-infected plants in a grass population may be affected by environmental conditions that reduce viability of endophyte mycelium and by differences in viability between infected and noninfected seeds. The effect of endophyte infection on seed survival has not been thoroughly investigated (Hume and Barker 2005) . Previously, we compared the viability of infected and noninfected seed lots in three L. multiflorum populations under harsh environmental conditions (i.e., high temperature and seed water content). Endophyte infection did not affect the seed viability in two of the three populations, and a negative effect of endophyte infection was found in the third population (Gundel et al. 2007 ). The highest concentration of endophyte mycelium is usually found in the seeds (Siegel et al. 1984) , where the endophyte hyphae occur between the seed coat and aleurone layer, in an infection layer just beneath the scutellum and the embryo (Philipson and Christey 1986; Majewska-Sawka and Nakashima 2004) . Long-term seed survival depends mainly on seed water content, which depends on relative ambient humidity and temperature (Ellis and Roberts 1980; Vertucci and Ross 1990; Walters and Hill 1998; Hung et al. 2001) . The lower survival observed in endophyte-infected seed lots could be related to higher water content, which may be caused by endophyte-induced changes in the ultrastructural anatomy of seeds (Gundel et al. 2007) , which, at a given constant temperature, modulates seed water content reaching equilibrium with the surrounding atmospheric water vapour (Vertucci and Ross 1990; Walters and Hill 1998; Ellis and Hong 2006) . The fungus might affect the water potential around the plant embryo, which depends on the environmental conditions during after-ripening storage.
In this paper, we investigated (i) the effects of endophyte infection on L. multiflorum seed viability, (ii) the differential in survival of endophyte mycelium and its host seed, and (iii) the effects of endophyte infection on seed water content. Our goal was to assess the underlying mechanism by which the endophytic symbiont may affect the viability of the seeds it colonizes. Lolium multiflorum Lam. is an annual grass that has spread successfully around the temperate regions of the world, usually exhibiting asymptomatic infection by endophytes (Latch and Christensen 1982) . The system model used in this work is the symbiosis between this grass and the endophyte fungus Neotyphodium occultans (Moon et al. 2000) .
Material and Methods

Seed material
Mature seeds of L. multiflorum were collected in 2003 from a grassland in the Inland Pampa subregion (Carlos Casares, Argentina; 34806'S, 60825'W). The area had been excluded from grazing and cropping activities for more than 30 years. The seed population had a Neotyphodium endophyte infection level of 95%, based on 100 analysed seeds. To obtain endophyte-free seeds, half of the collected seeds were treated with triadimenol fungicide (b-(4-chlorophenoxy)-a-(1,1-dimethylethyl)-1H-1,2,4-triazole-1-ethanol) at the recommended dose rate of 150 g a.i.Ákg -1 . Although the effect of fungicide may depend on the type of product and time from the exposure, no carryover effect has been observed on the evaluated plant traits (Faeth and Sullivan 2003) . Then, both seed lots (fungicide-treated and untreated) were sown during the normal growing season (autumnwinter-spring) in 2004 in the experimental field of the Faculty of Agronomy, University of Buenos Aires (34835'S, 58835'W). Each seed lot was sown in a 1 m 2 plot at a rate of 2500 seeds per m 2 . Before sowing, each plot was covered with a layer of 0.10 m of organic soil which was free of wild L. multiflorum seeds. Cross pollination among plants from both plots was allowed during flowering, to diminish any genetic differences between them. Mature seeds were hand collected from plants, and endophyte infection was assessed on 100 seeds per seed lot by light microscopy (Bacon and White 1994) . Endophyte infection was 90% in the seed lot without fungicide application (hereinafter E+ biotype) and 2% in fungicidetreated seeds (hereinafter E-biotype). Harvested seeds were stored under dry conditions for 3 months until they were used in the experiment.
Experimental storage conditions
The effects of endophyte infection on seed viability were studied by comparing seed viability dynamics of E+ and Ebiotypes stored under 12 different conditions resulting from the combination of four temperatures and three different relative humidities. Changes in endophyte infection frequency were analysed by comparing endophyte viability with viability of E+ seeds under the same storage conditions. Seeds were stored in four chambers, three of which were at constant temperatures (5, 20, and 40 8C) and the remaining one at alternating temperatures (15-25 8C, 10-14 h, respectively). Alternating temperature treatment usually has a higher impact on seed survival than the average temperature (Hung et al. 2001) . Temperatures inside each chamber were set at the nominal value and controlled with a thermostat throughout the experiment. Within each chamber, three plastic boxes were used to set the relative humidity treatments. Relative humidities were generated by using saturated salt solutions that produce nominal values of 5% (ZnCl 2 ), 43% (K 2 CO 2 1.5H 2 O), and 75% (NaCl) at 25 8C. The humidities generated by these salts are known to be quite stable for the range of temperatures used in our experiment (Merritt et al. 2003) . Each box had a volume of 1000 mL, and one-third of this volume was filled with the saturated salt solution contained in four glass vials opened at the top. In each box, 2.2 g of seeds of each biotype were placed inside a nylon mesh bag allowing air exchange between the seeds and the surrounding atmosphere. The bags containing seeds were situated above the glass vials, and a plastic net (0.5 cm mesh) prevented seeds from coming into contact with the liquid solutions. The boxes were closed air tight.
Water vapour atmosphere created by each treatment was evaluated throughout the experiment by recording seed water content on an independent L. multiflorum seed lot placed inside the boxes (Fig. 1) . At each extraction time, three samples of 50 seeds were retrieved from each box. Fresh and dry mass was recorded by weighing seeds before and after they were dried in an oven at 130 8C for 1 h. Seed water content was estimated using the following formula: ½ðg fresh massÞ À ðg dry massÞ=ðg fresh massÞ and expressed as a percentage (ISTA 1996) . Overall, the different humidity treatments worked well, as seed water content increased with increasing air relative humidity levels (P < 0.0001; Fig. 1 ). Furthermore, the differences among the relative humidity treatments stabilized after the first 100 d of the experiment, reaching average values of seed water content of 7.52, 11.50, and 13.82 for 5%, 43%, and 75%, respectively. Increasing the temperature reduced the seed water content (P < 0.0001), an effect that was independent of the relative humidity (i.e., no temperature Â relative humidity interaction; Fig. 1 ). The average values of seed water content were 11.74, 10.71, and 9.84 for 5, 20, and 40 8C, respectively, and there was no difference between 20 8C continuous and 15-25 8C alternating temperatures.
Seed and endophyte viability
Seed viability was evaluated for each biotype on 14 extraction dates during 729 d of storage. On each extraction date, we counted the number of viable and nonviable seeds in 60 seeds for each of the 12 storage conditions (i.e., each box). Although for the statistical analysis viability scores from 60 seeds were pooled (see statistical analyses below), they were sown into three different Petri dishes (20 seeds each), to avoid unfortunate events affecting them. Seed viability was evaluated by incubating seeds under optimal conditions for germination of L. multiflorum: 15-25 8C, 12-12 h, respectively, under ambient light (ISTA 1996) . Seeds were placed on a paper towel hydrated with 5 mL distilled water in plastic Petri dishes (9 cm diameter), which were sealed with plastic film. Seed germination (visible radicle appearance) was recorded under laboratory light, and germinated seeds were removed, until no more germination was observed. Nongerminated seeds with soft and mouldy aspect were considered nonviable, while nongerminated firm seeds were dried and rehydrated to discriminate dormant from dead seeds. Maximum seed viability was estimated at the beginning of the experiment (day 0 of incubation).
The viability of endophyte mycelium in seeds was determined indirectly by examining the seedlings grown from the E+ seeds for endophyte infection. Young seedlings were transplanted into plastic trays (30 plugs of 4 cm diameter and 8 cm depth) filled with a mixture of potting soil (50%), sand (25%), and peat moss (25%) v/v, at a rate of one seedling per plug. Water was added as needed. At each time point, seedling trays were placed in a greenhouse at a nominal temperature of 15 8C (night) -25 8C (day), with natural photoperiod. The presence of endophyte hyphae in L. multiflorum was assessed in the first 1-2 mm of the leaf sheath (see Christensen et al. 2002) . Epidermal pieces peeled from the base of the leaf sheath of 3-4 leaves seedlings were stained with alkaline Rose Bengal stain (see Bacon and White 1994) and examined for the presence of endophyte mycelium by the method of Belanger (1996) , with minor modifications. After approximately 10 min, endophyte hyphae were searched for using light microscopy. The morphology of Neotyphodium endophyte hyphae infecting L. multiflorum has been well described, presenting a pattern of convoluted and bunched, infrequently branched mycelium (Moon et al. 2000; Christensen et al. 2002; Sugawara et al. 2006) . Thus, the conspicuous pattern of growth of the endophyte Neotyphodium occultans can easily be distinguished from other endophytic fungal hyphae, and mistakes are highly unlikely in positively identifying the endophyte. The detection of endophyte hyphae in these seedlings is evidence of viability in seed. Endophyte viability estimated at the beginning of the experiment (day 0) represents the maximum viability. 
Seed water content at equilibrium
Seed water content achieved by the E+ and the E-biotype seed lots was recorded at 12, 36, and 128 d from the beginning of the experiment. On each date, three samples of 30 seeds per biotype were randomly selected from each box and seed water content was estimated as described above.
Statistical analyses
The proportion of viable seeds and the proportion of seeds with viable endophyte were strictly bounded, showing nonconstant variance, and errors were not normally distributed. Thus, minimum adequate models were estimated under Generalized Linear Models (Statistical Software R) using binomial error distribution and logit link (that assumes a logistic function between viability and time for example, see Figs. 2 and 3). The individual probability of viable seed or endophyte (viable = 1 and nonviable = 0) was modeled as a function of biotype (E+ and E-, only for seeds), temperature (four levels), relative humidity (three levels), time (14 extraction dates), and their interactions. Therefore, the null model had 336 residual degrees of freedom for seed viability and 168 for endophyte viability. Overdispersion was corrected by increasing the expected variance using a dispersion parameter (the residual deviance divided by its degrees of freedom). Significance was tested by analysis of deviance (F test). It must be noted that our design had no true replicates for testing the effects of temperature (i.e., one chamber for each of the four temperature treatments), had four replicates for the effects of humidity (i.e., four boxes for each of the three relative humidity treatments), and no replicates for the temperature Â humidity interaction. True replication is difficult to obtain, owing to the high logistic effort that these experiments demand (see Morrison and Morris 2000) . We further believe that our long (729 d) evaluation of seeds and endophytes in each one of the 12 storage conditions is solid evidence with which to biologically infer the effects of endophyte infection on L. multiflorum seed viability and the differential in survival of endophyte mycelium: our two main objectives.
Endophyte effects on seed water content were analyzed by ANOVA using a General Linear Model (Statistical Software R). Models tested the effects of biotype (E+ or E-), Fig. 2 . Proportion of viable Lolium multiflorum seeds for the E+ (*) and E-(*) biotypes along 729 d of storage. Seeds were stored under 12 different conditions resulting from the combination of three nominal relative humilities (5%, 43%, and 75%) and four temperatures (5, 20, 40, and 15-25 8C) . Each point was obtained from the evaluation of each one of 60 seeds and a logistic curve was fitted in each graph for E+ (continuous lines) and for E-(broken lines) separately (see Statistical analyses). There were not enough E-seeds to estimate the viability in some treatments at the last extraction time.
temperature (5, 20, 40, and 15-25 8C) , relative humidity (5%, 43%, and 75%), time (12, 36, and 128 d) and their interactions. The assumptions of ANOVA were accomplished without data transformation.
Results
Temperature and relative humidity interactions affected seed viability (Table 1; Fig. 2 ). The reduction in viability at higher temperatures was larger at higher relative humidity, and temperature had no significant impact on seed viability at a relative humidity of 5%. Relative humidity had no effect on seed viability at a temperature of 5 8C. The alternating temperature treatment (15-25 8C) affected seed viability in a similar way as the 20 8C (Fig. 2) . Endophyte presence also affected seed viability, and this effect was strongly depended on relative humidity and temperature during seed storage (Table 1; Fig. 2 ). The endophyte reduced the viability of the seeds at high temperature or high relative humidity, but did not affect seed viability at lower temperature or relative humidity.
Temperature and relative humidity interactions affected endophyte viability in a similar direction as it affected seed viability (Table 2; Fig. 3) . However, the decrease in viability was faster for the endophytes than for the seeds (Figs. 2 and  3) . As observed for seed viability, the alternating temperature treatment (15-25 8C) had a similar effect on the endo- Fig. 3 . Proportion of Lolium multiflorum seeds with viable Neotyphodium endophyte along 729 d of storage. Seeds were stored under 12 different conditions resulting from the combination of three nominal relative humilities (5%, 43%, and 75%) and four temperatures (5, 20, 40, and 15-25 8C) . Each point was obtained from the evaluation of endophyte on viable seeds from the E+ biotype and logistic curve was fitted in each graph (see Statistical analyses). phyte viability dynamics to the 20 8C temperature treatment at all relative humidity conditions (Fig. 3) . Endophyte effects on seed water content varied by temperature, RH, and date (P = 0.045). Endophyte presence modified seed water content after 128 d of storage at 5 8C and 5% RH, and after 12 d at 5 8C with 75% relative humidity (Fig. 4) .
Discussion
This study provides an insight to the environmental regulation of an endophytic fungus and the viability of its host seeds. We showed that both the effect of endophyte on seed viability and the differential viability of endophytes and their host seeds occur only under certain temperature and humidity conditions, and were not mediated by differential seed water content. According to our results, when afterripening environmental conditions are unfavorable, the fungus viability is dramatically reduced and its presence may affect seed viability. Noteworthy when the maximum differences in viability between the infected and noninfected seeds occurred (40 8C with 75% relative humidity), seedlings derived from the infected seeds were free of the endophyte, suggesting that the population had lost its ability to transmit the fungus to the plant. Overall, changes in the endophyte infection frequency of the tested seed populations were produced mainly by endophyte death that occurred long before host-seed death, and secondly by the differential death of endophyte-infected and noninfected seeds. These findings are important, since hazardous environmental conditions similar to the ones we tested, are frequently found in nature and they alter the viable-endophyte infection frequency of seed through time, which in turn impacts on the future performance of the population (Clay and Schardl 2002) . The temporal dynamics of seed and endophyte viability matched the pattern previously described for F. arundinacea and for L. perenne (Rolston et al. 1986; Welty et al. 1987; Wheatley et al. 2007) . At low seed water content and temperature, seed and endophyte survival remained high throughout the whole experiment. It has been previously suggested that the high temperature sensitivity of endophytes increases under high RH (Latch and Christensen 1982; Siegel et al. 1984; Rolston et al. 1986; Welty et al. 1987) . Accordingly, viability loss in both seed and endophyte was faster under the highest temperatures and RH, with a relatively greater impact on the endophyte than on the seed. The highest differences between seed viability of E+ and E-biotypes also occurred under the same extreme conditions.
In a previous study we found that after 6 h exposure to a vapour-saturated atmosphere, endophyte-infected seeds reached higher water contents than noninfected. Based on these results, we suggested that seed and endophyte viability may be regulated by means of the capacity of hyphae to change the water relations inside the seeds (Gundel et al. 2007) . Endophyte hyphae could be affecting not only the rate of seed imbibition (at higher relative humidity) and the rate of seed dehydration (at lower relative humidity), but also the seed water content at equilibrium. Here, changes in seed water content due to the endophyte infection were not related with the observed patterns of seed and endophyte viability. In fact, where the highest negative endophyte impact on seed viability appeared (40 8C with 75% RH) there was no detectable differences in seed water content. Further, changes in seed water content due to the infection, were only detected in those treatments where neither seed viability nor endophyte viability were affected (5 8C with 5% and 75% RH). As an alternative hypothesis, we propose that endophyte hyphae could be affecting the distribution of water within the seed without producing any detectable difference in seed water content at equilibrium. Likewise, the effect of endophyte presence on seed water relations and hence on seed survival might depend on the hyphae concentration, which varies with growth conditions and host genotypes (Spiering et al. 2006; Rasmussen et al. 2007 ). Future experiments are needed to elucidate these mechanisms.
The experimental set-up used in this study allowed for the identification of processes accounting for variations in endophyte infection frequency in seed populations, and to weigh their relative importance. The endophyte infection frequency in grass populations has always been attributed to differential fitness between infected and noninfected related plants (Clay and Schardl 2002; Faeth and Sullivan 2003) . However, in recent years, researchers acknowledged that endophytes and hosts have different sensitivities to environmental factors (Hill et al. 2005; Rasmussen et al. 2007 ).
These different requirements are likely to produce variations in the endophyte vertical transmission efficiency (Hill et al. 2005) , which under natural conditions would affect the final endophyte infection frequency in grass populations (Ravel et al. 1997; Clay and Schardl 2002) . The dynamics of endophyte survival reported in our study supports the hypothesis that changes in endophyte infection frequency in seed populations may be determined by a low survival of the fungus. If the endophyte dies before its host seed, frequency of endophyte infection will be mainly determined by transmission efficiency, rather than differential fitness between endophyte infected and noninfected seeds. Reduction in vertical transmission due to fungus mortality and E+ seeds mortality should be important in ecosystems with periods of high water content in soil and high temperature (Hume and Barker 2005) .
Studies under controlled environments may provide valuable information on the physiological mechanisms interacting between symbionts in the grass-endophyte mutualism. Nonetheless, these results could be very different from those obtained in natural systems. In nature, failures in the endophyte vertical transmission should be compensated by the relative fitness of E+ plants over E-plants, to maintain high frequencies of endophyte infection. Differences in relative fitness between both biotypes may be driven by both abiotic and abiotic factors (Clay and Schardl 2002) . We have found that endophyte-infected L. multiflorum seeds displayed higher dormancy level than endophyte-free seeds (Gundel et al. 2006a (Gundel et al. , 2006b . Despite the fact that increased seed dormancy could potentially reduce the ability of endophyte to survive (Clay and Schardl 2002) it is a riskavoiding trait that would improve seed fitness and so overall survival of the endophyte (Martínez-Ghersa et al. 2000) . Additionally, it has been shown that endophyte infection can deter predators from eating seeds (Madej and Clay 1991; Popay et al. 2000) . The ecological conditions found by the seeds may show large variation and may depend on landscape characteristics and land use. For example, in agricultural systems the seeds may be buried by tillage to a soil depth where both daily mean temperature and temperature fluctuation decreases. According to our results, if the seeds are stored in the soil for long periods, failures in endophyte transmission would be expected. In these ecological conditions, nongerminating seeds could remain alive while endophyte mortality would increase. Conversely in grasslands, where seed are placed at the soil surface, the ability of seed to germinate in a safe site and deterrence to herbivory are adaptive traits driven by the endophyte (Madej and Clay 1991; Popay et al. 2000; Clay and Schardl 2002; Gundel et al. 2006a Gundel et al. , 2006b ). In such systems, higher fitness of infected seeds would overcompensate any failure in endophyte vertical transmission.
